To investigate the in vivo angiogenic activity of placenta growth factor (PlGF) and its heterodimers with vascular endothelial growth factor (VEGF), the induction of neovascularization of these factors in the mouse cornea was studied. 
Introduction
The growth of new blood vessels, neovascularization, includes angiogenesis and vasculogenesis. Angiogenesis is essential for development, tissue regeneration, and remodeling (1) . Neovascularization also plays a key role in pathologic conditions including tumor growth and metastasis, diabetic retinopathy, rheumatoid arthritis, psoriasis, and cardiovascular diseases (2, 3) . In response to angiogenic stimuli, endothelial cells are able to change their morphology, cause vascular dilation, degrade the basement membrane, proliferate and migrate, and form capillaries.
The switch to angiogenesis is regulated by a local change of the equilibrium between angiogenic factors and inhibitors (2) . Vascular endothelial growth factor (VEGF), 1 also known as vascular permeability factor (VPF), is an endothelial cell-specific growth factor which plays a crucial role in regulation of endothelial growth, differentiation and maintenance of vascular integrity (4) (5) (6) (7) (8) (9) . The expression of VEGF can be up-regulated by hypoxia and other factors such as transforming growth factor and phorbol ester (10) (11) (12) . The angiogenic effect of VEGF is mediated by two endothelial cell-specific receptor tyrosine kinases, Flk-1/KDR and Flt-1 (12, 13) . In addition, three other endothelial cell specific tyrosine kinase receptors, Flt-4, tie-1 and tie-2/tek have been discovered (12, 14) . Inactivation of VEGF, Flt-1, Flk-1, tie-1, and tie-2 genes by targeted mutations has shown that they are indispensable during the vascular development of the embryo (15) (16) (17) (18) (19) . Recently, three endothelial growth polypeptides with structural similarities to VEGF have been isolated (20) (21) (22) . PlGF is found to be specifically expressed in the placenta and in some tumor cell types (23) . PlGF forms natural heterodimers with VEGF when these two factors are coexpressed (24, 25) . It binds with a high affinity to Flt-1 receptor, but not to Flk-1/ KDR (26) . Vascular endothelial growth factor-B (VEGF-B), a nonglycosylated highly basic heparin-binding polypeptide, is a mitogen for endothelial cells and its expression is particularly abundant in cardiac and skeletal muscles. VEGF-B also heterodimerizes with VEGF in cells coexpressing both factors (21). Vascular endothelial growth factor-C (VEGF-C) is homologous to other members of VEGF and is the ligand for Flt-4 receptor, whose expression is restricted mainly to lymphatic endothelia (22) . It stimulates the migration of capillary endothelial cells in vitro.
Although these homo-and heterodimeric angiogenic growth factors stimulate endothelial cell proliferation and migration in vitro, their in vivo biological functions remain uncharacterized. In this study, we report the in vivo angiogenic activity of PlGF 129 and PlGF 129 /VEGF 165 heterodimers, and the role of hypoxia in the regulation of heterodimerization between PlGF and VEGF in tumor cells.
Methods
Reagents, cells, and animals. Recombinant human VEGF 165 , PlGF 129 and PlGF 129 /VEGF 165 heterodimers were prepared as previously described (24) . These dimeric growth factors were purified to homogeneity using antibody-coupled affinity chromatography (24) . Human choriocarcinoma cell lines, JAR and JE-3, were obtained from the American Type Culture Collection (ATCC) and maintained in DME supplemented with 10% FCS (Hyclone, Logan, UT) and antibiotics. Male 5-6-wk-old C57Bl6/J mice (The Jackson Laboratory, Bar Harbor, ME) were acclimated and caged in groups of four or less. Animals were anesthetized in a methoxyflurane (Pitman-Moore Inc., Mundelein, IL) chamber before all procedures. Mice were killed with a lethal dose of methoxyflurane. All animal studies were reviewed and approved by the animal care and use committee of Children's Hospital, Boston and are in accordance with the guidelines of the Department of Health and Human Services.
Hypoxia treatment and Northern blot analysis. Monolayers of human choriocarcinoma (JAR and JE-3) and hepatoma (Hep G2) cells were grown in 25-cm 2 flasks to confluency in DMEM supplemented with 10% FCS. Cells were then incubated at 37 Њ C in a normoxia (21% O 2 and 10% CO 2 ) or a hypoxia (2% O 2 , 10% CO 2 ) chamber for 18 h. After incubation, total RNA was extracted by a modified acid phenol/guanidine method as previously described (11) . 15 g of total RNA were separated by 1% agarose-formaldehyde gel, transferred by Northern capillary blot onto a Gene-Screen Plus membrane (DuPont-NEN, Boston, MA), fixed by UV cross-linking and hybridized to a cDNA probe of PlGF-2 (PlGF 150 ). The cDNA coding for PlGF-2 was cloned into a T-A plasmid vector (Invitrogen Crop., San Diego, CA) by a PCR method using human placenta cDNA as the template. The intact insert for PlGF-2 was sequenced, isolated and used as the probe for hybridization. The human VEGF 165 cDNA probe was labeled using a random priming method as previously described (11) .
Mouse corneal micropocket assay. The mouse micropocket corneal assay was carried out according to procedures previously described (27, 31) . Male 5-6-wk-old C57Bl6/J mice were used. Corneal micropockets were created with a modified von Craefe cataract knife in both eyes of each mice. Into each pocket, a pellet (0.35 ϫ 0.35 mm) of sucrose aluminum sulfate (Bukh Meditec, Copenhagen, Denmark) coated with hydron polymer type NCC (IFN Sciences, New Brunswick, NJ) containing 160 ng of PlGF 129 , VEGF 165 or PlGF 129 /VEGF 165 heterodimers was implanted. The pellet was positioned 0.6-0.8 mm from the corneal limbus. After implantation, erythromycin ophthalmic ointment (E. Fougera, Melville, NY) was applied to each eye. The corneas with implanted pellets containing growth factors were examined by a slit-lamp biomicroscope on day 5 after pellet implantation. Vessel length and clock hours of circumferential neovascularization were measured.
ELISA immunoassays. Monolayers of JE-3 choriocarcinoma cells were grown to confluency in DME supplemented with 10% FCS in 75-cm 2 flasks. The medium was replaced with fresh DMEM containing 10% FCS and 10 units/ml of heparin (Abbott Laboratories, Chicago, IL). Cells were then incubated at 37 Њ C in a normoxia (21% O 2 and 10% CO 2 ) or a hypoxia (2% O 2 , 10% CO 2 ) chamber for 48 h. The conditioned medium was used to quantitatively measure PlGF, VEGF and PlGF/VEGF heterodimers. "Sandwich" enzyme detection methods using specific anti-VEGF and anti-PlGF antibodies were used as previously described (24) .
Results
Stimulation of mouse corneal neovascularization. Pellets of sucrose aluminum sulfate containing the slow release polymer hydron and the dimers of PlGF 129 , VEGF 165 , and PlGF 129 / VEGF 165 were surgically implanted into the micropockets of mouse corneas (Fig. 1) . Stimulation of circumferential neovascularization from the limbal vessels was examined on day 5 after implantation. The angiogenic response of corneas induced by 160 ng of VEGF 165 homodimers was intense with a high density of new capillaries and a marked limbal vessel dilation (Fig. 1 B ) . Similar to VEGF 165 , the same amount of PlGF 129 / VEGF 165 heterodimers was also sufficiently potent to stimulate the outgrowth of capillaries from the limbal vessels (Fig. 1  C ) . The capillary vessel length of ‫ف‬ 0. 4 mm was virtually indistinguishable in corneas implanted with VEGF 165 and PlGF 129 / VEGF 165 heterodimers (Fig. 1, B, C , and E ). However, a dramatic difference of vessel density and clock hours was observed between PlGF 129 /VEGF 165 heterodimer-and VEGF 165 homodimer-implanted corneas (Fig. 1, B, C, and F ). In contrast to VEGF 165 and PlGF 129 /VEGF 165 heterodimers, PlGF 129 homodimers had only little effect in this in vivo assay (Fig. 1,  D-G ) . Pellets containing sucrose aluminum sulfate without growth factors did not induce corneal neovascularization (Fig.  1 A ) .
Hypoxia effect on PlGF and VEGF mRNA expression in human choriocarcinoma cell lines. The expression of PlGF and VEGF mRNAs was examined in human JAR (Fig. 2, lanes 1  and 2 ) and JE-3 (lanes 3 and 4 ) choriocarcinoma cell lines. Two major transcripts of 3.9 kb and 4.3 kb, corresponding to the sizes of reported human VEGF mRNA, were present in both cell lines (Fig. 2 b , lanes 1-4 ) . A single 1.7-kb mRNA species with expected size for human PlGF transcript (20, 23) was also detected in both cell lines (Fig. 2 a , lanes 1-4 ) . The expression levels of PlGF mRNA in these cell lines (Fig. 2 a , lanes 1  and 3 ) were ‫ف‬ 10-20-fold higher than those of VEGF (Fig. 2 b ,  lanes 1 and 3 ) . These results indicate that PlGF and VEGF are synthesized from the same tumor cells.
To investigate if the expression level of PlGF mRNA could be regulated by hypoxia, JAR (Fig. 2, a and b ; lanes 1 and 2 ) and JE-3 (lanes 3 and 4 ) tumor cells were grown under normoxic (21% O 2 ) and hypoxic conditions (2% O 2 ), and levels of PlGF and VEGF mRNAs were measured by Northern blot analysis. The steady-state expression level of VEGF mRNA (Fig. 2 b , lanes 1 and 3 ) was dramatically increased within 18 h of growth under low oxygen tension (Fig. 2 b , lanes 2 and 4 ) . In contrast, expression levels of PlGF mRNA were indistinguishable under normoxic (Fig. 2 a , lanes 1 and 3 ) and hypoxic (Fig.  2 a , lanes 2 and 4) conditions.
To exclude the possibility that the insensitivity of the PlGF gene to hypoxia was only limited to choriocarcinoma cells, mRNA extracted from a human hepatoma cell line, hepG2, known to express PlGF (23), was used for Northern blot analysis. As shown in Fig. 3 , the expression of PlGF mRNA in these cells was not affected by hypoxia regulation. In contrast, the level of VEGF mRNA was significantly increased by exposure to hypoxia. No evidence of cell death could be detected in cultures exposed to hypoxia, and cells continued to proliferate at a normal rate after incubation in normal oxygen tension. These data suggest that the gene structures in response to low oxygen are different between PlGF and VEGF although they share a high degree of sequence homology in their coding regions.
Elevation of heterodimerization between PlGF and VEGF by hypoxia. Three sensitive ELISA immunoassays were established using specific antibodies against PlGF, VEGF, or PlGF/VEGF heterodimers. Each assay was designed to detect a specific homodimer or heterodimer (24) . Our previous results showed the natural occurrence and secretion of PlGF/ VEGF heterodimers in tumor cells (24) . To study if hypoxia affected the heterodimerization between PlGF and VEGF in tumor cells, the conditioned medium derived from JE-3 cho- In parallel with the increase in mRNA level in JE-3 cells (Fig. 2) , PlGF protein levels under normoxic conditions were more than 20-fold higher than VEGF as shown in Fig. 4 . The concentration of PlGF/VEGF heterodimers (0.13 ng/ml) was slightly lower than that of VEGF homodimers (0.24 ng/ml). Under hypoxic conditions, an approximately fourfold increase of VEGF homodimers was detected in the conditioned medium (Fig. 4) . There was a similar fourfold increase in PlGF/ VEGF heterodimers. In contrast, the protein level of PlGF homodimers increased less than twofold under the same conditions (Fig. 4) . These data demonstrated that the excess amount of PlGF in JE-3 cells heterodimerized with the increased level of VEGF protein when stimulated by hypoxia. Thus, hypoxia indirectly regulates the expression level of PlGF/VEGF heterodimers in these tumor cells.
Discussion
VEGF has mitogenic and non-mitogenic effects on endothelial cells including chemotaxis, increase of vascular permeability and activation of proteases, which are essential for angiogenesis. It is the most specific growth factor on endothelial cells (6, 12, 13, 24) . The identification of VEGF-related growth factors including PlGF, VEGF-B, and VEGF-C implies a complexity and redundancy of biological functions of these angiogenic molecules. Among these angiogenic factors, at least VEGF and PlGF can exist as alternatively spliced various multi-isoforms (5, 23) . These VEGF and PlGF isoforms together with VEGF-B and VEGF-C may form various homo-and heterodimers due to the presence of eight conserved cysteine residues in the platelet derived growth factor (PDGF)-like domain. These dimerizations could further increase the complexity of their secretion, heparin-binding affinity, receptor interaction and biological functions. The formation of different dimeric complexes suggests that cellular signals mediated by these growth factors are at least partially overlapping.
Our present work describes the in vivo angiogenic activity of PlGF 129 homodimers, PlGF 129 /VEGF 165 heterodimers and VEGF 165 homodimers as an example of the diverse activity of VEGF family. We chose the mouse corneal neovascularization assay as our in vivo model because it has several advantages over other angiogenesis assays (27) . It is a reproducible and quantitative method which permits testing the angiogenic activity of a compound in a genetically defined murine strain. The VEGF 165 -induced intense corneal neovascularization in C57Bl6/J mice is consistent with its potent mitogenic and chemotactic activities on endothelial cells. The PlGF 129 /VEGF 165 heterodimer stimulated new vessel growth with similar vessel length but with much less density. This in vivo finding is consistent with our previous in vitro work demonstrating that PlGF 129 /VEGF 165 heterodimers were equally as potent as VEGF 165 homodimers in stimulating endothelial cell migration, whereas the heterodimers displayed 20-50 fold less mitogenic activity than VEGF 165 homodimers (24) . Similar to our previous in vitro results (24) , PlGF 129 alone was not sufficiently potent to induce angiogenesis. Thus, the biological function of PlGF still remains obscure. In a recent report, Sawano et al. showed that PlGF-2 had growth stimulatory activity on human umbilical vein endothelial cells (28).
Two high affinity tyrosine kinase receptors, Flk-1/KDR and Flt-1, are involved in signaling in endothelial cells stimulated by VEGF and PlGF (12) . Flk-1 mediated signals cause striking changes in endothelial cell morphology, VEGF-induced mitogenicity, and chemotaxis, whereas Flt-1 fails to induce such responses to VEGF (29) . Both VEGF and PlGF/VEGF heterodimers bind to Flk-1/KDR receptor with a similar affinity. The fact that PlGF binds only to Flt-1, but not Flk-1, suggest that this growth factor is not able to stimulate the outgrowth of new blood vessels. The Flt-1 mediated response in endothelial cells remains to be characterized.
However, genetically deficient mice with mutations that inactive Flt-1 receptor are embryonic lethal due to a malformation of vasculature (17) , suggesting that this receptor is important in endothelial cell differentiation, vascular organization and probably maintenance of vasculature during embryonic development. Current angiogenic assays are not able to detect such in vivo effects. Mice homozygous with mutations that inactive Flk-1/KDR are also embryonic lethal due to lack of the blood island formation in yolk sac (18) . However, mice heterozygous with loss of a single VEGF allele is lethal in the embryo between day 11 and 12 (15, 16) . Neovascularization and blood island formation are impaired (16) . These findings suggest that other ligands such PlGF, VEGF-B and VEGF-C and their heterodimers may activate Flk-1 and Flt-1 receptors. Figure 4 . Hypoxia effect on protein levels of PlGF, VEGF, and PlGF/VEGF heterodimers as detected by ELISA assays. Sensitive ELISA assays that specifically detect PlGF, VEGF and PlGF/VEGF heterodimers were developed as previously described (24) . Monolayers of human JE-3 choriocarcinoma cells were grown to confluency in 60-cm 2 dishes. The conditioned medium was replaced with fresh medium and soluble heparin (10 U/ml) was added to cells. After 48 h incubation, conditioned media derived from hypoxia and normoxia were used to detect levels of PlGF, VEGF, and PlGF/VEGF heterodimers. V/V, VEGF homodimers; V/P, VEGF/PlGF heterodimers; P/P, PlGF/PlGF homodimers.
Our data also demonstrate that PlGF and VEGF are differentially regulated by hypoxia. Steady-state levels of VEGF mRNA and protein in both human choriocarcinoma and hepatoma cell lines were markedly increased in response to hypoxia exposure. In contrast to VEGF, the mRNA expression level of PlGF in these cell lines was not affected by hypoxic regulation. These data suggest that although PlGF and VEGF have a high sequence similarity in the coding region, their gene structures in response to oxygen are different. An increase of PlGF protein of approximately twofold was detected under hypoxic conditions. It is yet not clear whether the increase of PlGF protein is due to post-transcription regulation or due to an increase of stability of PlGF protein under hypoxia.
Recent findings also indicate that hypoxia increases VEGF mRNA stability rather than stimulating new RNA synthesis (30) . Our previous results demonstrate that several tumor cell lines were able to produce PlGF and VEGF (24) . In addition, these tumor cells also secrete PlGF/VEGF heterodimers into the conditioned medium. Some of these cell lines such as JAR and JE-3 choriocarcinoma cells synthesize PlGF at a level more than 20-fold higher than VEGF. Thus, hypoxia alters the ratio of protein synthesis between PlGF and VEGF in these cells. The excess amount of PlGF heterodimerizes with the VEGF molecules which are synthesized by hypoxia stimulation. It would be interesting to investigate if there are any changes in the proportion of the various isoforms of PlGF upon hypoxia induction.
Such a hypoxic situation is relevant in tumor growth. During tumor growth, increasing tumor volume results in a low oxygen environment, especially in the central area of the tumor mass (10) . The elevated levels of expression of VEGF by hypoxia heterodimerizes with the excess PlGF, which participates in the regulation of the tumor angiogenesis although PlGF homodimers do not stimulate angiogenesis. Thus, hypoxia regulates not only the expression level of VEGF but also the angiogenic activity of VEGF and PlGF in tumor cells coexpressing both factors.
